Talin, vinculin, and paxillin are mechanosensitive proteins that are recruited early to nascent integrin-based adhesions (NAs). Using machine learning, high-resolution traction force microscopy, single-particle-tracking and fluorescence fluctuation time-series analysis, we find that, only in the NAs that eventually mature to focal adhesions, all three molecules are recruited concurrently and in synchrony with force onset. Thereafter, vinculin assembles at ~5 fold higher rates than in non-maturing NAs. We identify a domain in talin, R8, which exposes a vinculinbinding-site (VBS) without requiring tension. Stabilizing this domain via mutation lowers tensionfree vinculin binding in conjunction with talin, impairs maturation of NAs, and reduces the rate of additional vinculin recruitment after force onset. Taken together, our data show that talin forms a complex with vinculin, before association with integrins, which is essential for NA maturation by talin's effective unfolding and exposure of additional VBSs that induce fast force growth and further vinculin binding. Cell-matrix adhesions are multi-molecular complexes that link the extracellular matrix (ECM), typically via integrin transmembrane receptors, to the actin cytoskeleton. Being both a forcetransmitter and a force-sensor, cell-matrix adhesions are critical to cell morphogenesis and mechanosensation (Discher et al., 2005; Parsons et al., 2010) . Indeed, in response to ECM changes, adhesions undergo constant changes in morphology and motion that involve recruitment and recycling of a large number of adhesion molecules. For example, nascent adhesions (NAs) emerge within the actin-dense cell lamellipodia and then slide in the direction opposite to the protrusion as a result of polymerization-driven flow of the actin network (Parsons et al., 2010) . Many of these NAs, which are less than 0.5 µm long, and thus in a light microscope only resolved as diffraction-limited spots, turn over early; but some of them mature into longer focal complexes (FCs, >0.5 µm in length) and focal adhesions (FAs, >2 µm in length) at the lamellipodia-lamella interface (Gardel et al., 2010; Parsons et al., 2010) . During this progression, NAs go through multiple decision processes regarding fate and morphology. Compared to the well-studied FAs, for which the interconnection between structure, signaling, and force transmission is largely understood (Balaban et al.
Introduction
indicates that downregulation of actomyosin contractility reduces the recruitment of vinculin and other adhesion proteins (Kuo et al., 2011) , as well as the association between talin and integrins (Bachir et al., 2014) .
In contrast to the notion of FA growth and stabilization in a hierarchy talin-first-then-vinculin, fluorescence fluctuation analyses (Bachir et al., 2014) and co-immunoprecipitation experiments suggest that in NAs talin and vinculin might form a complex before talin associates with integrin. While talin-vinculin pre-association implies vinculin's force-independent binding to talin, it is not clear whether this pre-association is required for NA assembly, and if so, whether the pre-association affects the decision processes for NA maturation. Moreover, paxillin, a scaffolding protein that works in close relationship with focal adhesion kinase (FAK) (Mitra and Schlaepfer, 2006; Parsons, 2003; Pasapera et al., 2010; Schlaepfer and Mitra, 2004) , is thought to be recruited and stabilized by force at an early phase of NA assembly (Choi et al., 2008; Deakin and Turner, 2008; Plotnikov et al., 2012; Schiller et al., 2011) ; the relationship to vinculin recruitment remains to be established (Laukaitis et al., 2001; Webb et al., 2004; Wiseman et al., 2004) .
Here, we investigate the role of molecular recruitment and mechanical forces in determining the fate of NAs. We combined high-resolution traction force microscopy for measuring the force levels in every NA with those of the sensitive and particle tracking of the recruitment of fluorescently labeled molecules to NAs to acquire time courses of force transmission and molecular composition at individual adhesions. A comprehensive inventory of these traces revealed broad heterogeneity in NA behaviors. We applied machine learning approaches to divide NAs into subgroups with distinct characteristics, determining that five subgroups are necessary to account for the different kinematic, kinetic and mechanical properties of NAs. Focusing on the NA subgroup maturing into stable FAs, we found that the formation of a talin-vinculin pre-complex was mediated by talin's R8 domain. These pre-complexes enforce the link between talin and actin, likely to allow the unfolding of talin and exposure of additional vinculin binding sites, which ultimately supports the transition of spontaneous molecular assemblies of in nascent adhesions into stable macromolecular focal adhesions.
Results

Nine adhesion classes can be distinguished based on different kinetic, kinematic and mechanical behaviors
To investigate time courses of traction and adhesion protein recruitment, we performed two-channel time-lapse, total internal reflection fluorescence (TIRF) imaging of Chinese Hamster Ovary epithelial cells (ChoK1 , Fig 1a-f ). For each experiment, images of beads, with the reference bead image of undeformed gel configuration, were processed for traction reconstruction using high-resolution TFM software, as described before (Han et al., 2015) . As expected for a contractile cell, all traction vectors pointed from the cell periphery to the center, regardless of which adhesion protein was co-imaged (Fig 1a-c) . Fluorescently tagged adhesion proteins (Fig 1d-f) were detected and tracked, and their intensity time courses extracted from the trajectories (Fig. 1g) . Accounting for the heterogeneity of adhesions, we collected 22 features from each trajectory (Fig.  1h , Table S1 ). Based on these features, we classified the adhesion trajectories into nine groups (see Table S2 for a summary of each group). To this end, we implemented a supervised machine learning pipeline, where a human operator labeled, with the support of a dedicated graphical user interface, ~120 adhesion tracks (at least 10 tracks per group) out of ~10,000 tracks per movie. These data were then used to train a support vector machine (SVM) classifier (validation accuracy: 70 -80 %, Fig. S1a ). All features were inspected for redundancy and similarity ( Fig. S1b-c) , and each group was distinct in terms of its Euclidian distance to the closest group in the feature space ( Fig. S1d ). SVM-based classification of all trajectories that were excluded from the training data assigned each adhesion to one of nine different classes, G1, G2, …, G9 (Fig. 1i ). Five of the nine classes (G1-G5) identified NAs, three (G6-G8) identified FAs, and one group (G9) contained insignificant, noise-like trajectories (Movie S1). The five NA classes significantly differed in terms of features such as "edge protrusion speed" (Fig. 1j ), "adhesion movement speed" (Fig. 1k ), "average fluorescence intensity" (Fig. 1l) , and "lifetime" (Fig. 1m ). For example, NAs classified into G3 form at the tip of the protruding edge and move forward with the protrusion. Of all NA classes, their fluorescence amplitude is lowest (Fig 1j-m) . NAs classified into G2 form at the protruding edge but slide rearward relative to the substrate and mature to form larger FCs or FAs. They have the highest intensity and longest lifetime (Fig 1m-n) . NAs classified into G1 also form at the protruding edge, but they stay relatively stationary ( Fig. 1k ) with a weak fluorescence intensity and a short lifetime ( Fig. 1m-n ).
Next, we tested the hypothesis that these spatially and kinetically distinguished groups generate distinct traction. Indeed, we found that the subgroup of maturing NAs, G2, shows highest traction magnitude shortly after initial assembly. This is consistent with previous findings about tension-mediated maturation of FAs (Choi et al., 2008; Schiller et al., 2011; Schiller et al., 2013) . Interestingly, NAs in G3 exhibited an insignificant amount of traction without ever significantly increasing ( Fig. S2 ), suggesting this population consists of assemblies of adhesion proteins that do not engage with the substrate. NAs in G1 had higher traction than those in G3, implicating that short-living, non-maturing NAs can transmit significant amount of traction, consistent with our previous finding (Han et al., 2015) . These trends in traction as well as trends in feature variables after classification were consistent regardless of which adhesion protein was used for tracking (talin, vinculin or paxillin; Fig. S3 ). Altogether, these results confirm the reliability of the classifier and suggest that kinetically unique NAs also show mechanical differences. Figure 1 Experimental/computational framework to analyze heterogeneous adhesion dynamics in ChoK1 cells. (a -c) high-resolution traction maps co-imaged with mGFP-tagged adhesion protein, talin (d), vinculin (e), and paxillin (f). 5 kPa silicone gel coated with high density beads was used as a TFM substrate. (g) Trajectories of individual nascent and focal adhesions overlaid on a region of interest cropped from (e). Tracking is based on all detected point sources, (red circles). Big segmented focal contacts/adhesions (orange, closed freeform overlays) were used as additional information for feature selection. (h) Some of the key features used for supervised classification, tabulated in Table 1 . (i) Classification of adhesion trajectories into nine different groups, overlaid on the adhesion image. Five different NA groups, three FA groups and one noise group were distinguished using the error-correcting output codes classifier, multiclass model for support vector machines (L. Allwein et al., 2001) . (j-m) Comparison of feature values among the five NA groups, G1, G2, G3, G4 and G5: edge protrusion speed (j), adhesion movement speed, positive when sliding toward protruding edge (k), mean intensity (l), and lifetime (m), extracted from six vinculin-tagged cells. All features show a significant shift in value for at least one subgroup. (n) Average traction magnitude, read from traction map, at individual NA trajectories per each group. The number of samples per each group is shown in the lower right corner of the figure.
Talin, vinculin and paxillin are recruited sequentially in non-maturing NAs, but concurrently in maturing NAs with traction development
To evaluate the relationship between molecular recruitment and traction force in NAs, we performed high-resolution traction force microscopy on cells labeled with talin, vinculin, or paxillin, and processed these data using the aforementioned classifier (Movies S1-S9). We focused our analysis on the differences between NAs in G1 (non-maturing) and G2 (maturing, Fig. 2 ). For all proteins evaluated, fluorescence intensity traces in G1 had a lifetime of ~6-7 min, with clear rising and decaying phases ( Fig. 2a-f, top) . The associated traction traces exhibited intermittent rises and falls with an overall magnitude much smaller than the traction traces in G2 ( Fig. 2a-f, bottom) . As expected, NAs in G2 showed a steady increase in both fluorescence intensity and traction traces with a lifetime greater than 15 minutes ( Fig. 2g-l) . The fluorescence intensity and traction of individual G1 and G2 NAs reflected this stereotypical behavior, and so did the average behavior, i.e. a slight increase and fall for G1 and more steady increase for G2 ( Fig. S4a-i) . A further analysis with cohort plots, where traces of similar lifetime are grouped and separately displayed, revealed that average traces of many cohorts follow the stereotypical behavior ( Fig. S4j-o ).
Next, we developed an event-based time-series analysis method that identifies the first time point of significant fluorescence and force increase, respectively, and then measures the time shift between the two (Fig. 2m ). The blue and red arrows in Fig. 2d -f, j-l show, in two example traces, the time points identified statistically as the first intensity increase and the first traction increase, respectively. Using this approach, we first determined the fraction of NAs per group with a significant traction increase at any point throughout their lifetime ( Fig. S5 ). Interestingly, both G1 and G2 NAs showed such a force increase, i.e. they were engaging at one point with the substrate. NAs in groups G3-5 exhibited lower fractions of force increases, suggesting that a very large number of adhesion protein aggregates, detectable through either talin, vinculin, or paxillin recruitment, never engage with the substrate.
Focusing then on the NAs in group G1 and G2, we analyzed the protein recruitment sequences using the initial force increase as a fiduciary. In non-maturing NAs (G1), talin and vinculin were recruited ~18 sec and ~8 sec before the onset of force transmission, respectively, whereas paxillin recruitment coincided with the onset of force transmission (Fig. 2n ). In maturing NAs (G2), talin, vinculin and paxillin were recruited concurrently with the onset of force transmission ( Fig. 2o ). We also noted that the temporal distributions of protein recruitments were significantly wider in G1 adhesions than in G2 adhesions, and that of the three measured proteins, talin had by far the widest temporal recruitment window. These findings suggested that in G2 adhesions talin might form a pre-complex with vinculin prior to its association with integrin, which leads to force transmission and progression into maturation. In contrast, although G1 adhesions eventually also support some lower level of force transmission ( Fig. 1n ), talin and vinculin assemble sequentially in a long waiting period under force-free conditions. 
In maturing NAs, vinculin assembles faster than in non-maturing NAs, but talin and paxillin show no difference
The rod domain of talin contains 13 helical bundles, 9 of which include cryptic vinculin binding sites (VBSs) that are exposed after mechanical unfolding under tension (del Rio et al., 2009; Geiger et al., 2009; Goult et al., 2013) . Thus, we hypothesized that the simultaneous talin-vinculin recruitment in maturing NAs could result in accelerated further vinculin binding compared to nonmaturing NAs. To test this, we quantified the assembly rate of each protein by obtaining the slope of the fluorescence intensity over the first 10 sec after initial appearance ( Fig. 3a) . Interestingly, only vinculin showed a significant difference in the assembly rate between non-maturing vs. maturing vinculin complexes, while talin and paxillin showed no such differences ( Fig. 3a) . Thus, with a talin-vinculin pre-complex involved in G2 NA formation, talin could be more amenable to unfolding additional VBS-containing domains, which in turn would reinforce further vinculin recruitment and adhesion maturation. We also quantified the traction force growth in those NAs with an expectation that there would be an immediate rise in force with faster vinculin binding. However, the traction force growth rate for the first 10 seconds showed no significant difference between non-maturing vs. maturing NAs (Fig. 3b ). Nevertheless, a difference was observed when the force growth rate was quantified over a longer period, i.e., two minutes ( Fig. 3c ), consistent with our previous finding (Han et al., 2015) . These findings imply that increased vinculin recruitment in maturing NAs -because of the effective tension development across the talin/vinculin mediated linkage between integrin and F-actin -supports the rise of traction force by connecting the protein complex to more F-actin, with some time delay. Figure 3 Vinculin, but not talin and paxillin, is recruited significantly faster in maturing NAs than in non-maturing NAs. (a) Assembly rate of talin, vinculin and paxillin, to G1 (non-maturing) or to G2 (maturing) NAs, quantified as the slope of fluorescence intensity over the initial 10 seconds after detection. (b) Traction force growth rate of the NAs in (a) for the initial 10 seconds after detection. (c) Force growth rate quantified over the first two minutes after detection. *: p<1x10 -2 , ***: p<1x10 -10 , ****: p<1x10 -30 by Mann-Whitney U test
Vinculin can bind to talin without force through a 'threonine belt' in talin R8 domain
Previous work established that under tension the talin R3 domain unfolds first, as it contains a destabilized hydrophobic core due to the presence of a 'threonine belt' of four threonine residues. By mutating the threonine residues to isoleucines and valines (the so called "IVVI mutant") it was possible to stabilize the core and prevent talin from unfolding, which significantly reduces the exposure of the two VBS (Elosegui-Artola et al., 2016; Goult et al., 2013; Yao et al., 2014) . Moreover, we had shown that the VBS in R8 was able to bind vinculin readily in the absence of force (Gingras et al., 2010) . Like R3, R8 also contains a threonine belt, consisting of T1502, T1542 and T1562 ( Fig. 4a ) (Yan et al., 2015) . Thus, we hypothesized that a similar strategy, using a T1502V, T1542V, T1562V "R8vvv mutant", could stabilize the R8 domain and reduce the VBS activity. To test this hypothesis, we made a "R7R8vvv" construct and compared its unfolding characteristics to wild-type R7R8 fragment (R7R8wt) using circular dichroism (CD; Fig. 4b ). We included the R7 domain to make the fragment more stable and better behaved than R8 alone and to maintain R8 in its native conformation, In the R7R8wt the two domains unfolded cooperatively with a single unfolding step at a melting temperature (Tm) of 55°C. In contrast, stabilization of the R8 domain in the R7R8vvv mutant resulted in the domains unfolding independently, with R7 unfolding at a similar temperature to the wt (Tm 56°C), but the temperature of R8 domain increased from 56°C to 82°C. Strikingly, the two unfolding steps indicate that in the R7R8vvv mutant the R7 and R8 behave independently with regard to thermal stability. Together, these results show that the R7R8vvv mutant stabilizes R8.
To test whether stabilization of R8 would affect its interaction with vinculin, we used analytical gel filtration to look at complex formation. Preincubation of both R7R8wt and R7R8vvv with vinculin Vd1 showed both constructs were able to form complexes with vinculin, however the R7R8vvv:Vd1 complex peak was substantially smaller than the wildtype:Vd1 peak, confirming that the R7R8vvv was less able to bind to Vd1 (Fig. 4c ). This finding suggested that accessibility of the VBS was reduced with stabilization of the threonine belt by valine replacement. To further quantitate the interaction, we used microscale thermophoresis (MST), titrating the talin proteins against RED-tris-NTA labeled Vd1. R7R8wt bound with a relatively high affinity of 2.07μM whereas, under the same conditions, we were not able to detect any binding to R7R8vvv (Fig.  4d ). The R8 domain is also an LD-motif binding site, i.e. it binds to multiple LD proteins including RIAM and DLC1 Goult et al., 2013; Zacharchenko et al., 2016) . Using a fluorescence polarization assay described previously (Whitewood et al., 2018) , we measured the binding affinities of R8 ligands RIAM TBS1 and DLC1 peptides with R7R8wt and R7R8vvv (Fig.  S6 ). Both peptides bound to the R7R8vvv with comparable affinities to the wildtype R7R8, confirming the R7R8vvv was still able to bind LD-motif proteins. Altogether, these biochemical characterizations of the R7R8vvv mutant suggested that the threonine belt in talin R8 is responsible for vinculin binding without force. The mutant also provided a tool for us to probe the functional implications of talin-vinculin pre-complex formation on NA assembly and maturation in vivo without interfering with binding of other binding partners. 
Cells with R8vvv mutant talin show less maturing NAs and sparser and smaller FAs
To investigate whether the ability of talin to form a pre-complex with vinculin promotes adhesion maturation, we introduced the R8vvv mutation into full-length talin1, in addition to tagging the protein with the mNeonGreen fluorescent protein. We named this construct "talin1 R8vvv-mNG". To express this talin mutant, we prepared talin1 KD ChoK1 cells using shRNA and rescued with sh-resistant forms of talin1 R8vvv-mNG, or WT talin1-mNG as a control. The expression of talin1 R8vvv-mNG was slightly less than that of WT ChoK1 cells but more than talin1 KD Chok1 cells ( Fig. S7 ). We imaged the mNeonGreen signal of talin1 R8vvv mutant or WT talin1 of each cell on 5 kPa gel along with high-resolution traction force analysis. Cells with talin1 R8vvv-mNG contained many more NAs (Fig. 5a ,b,f,g,k) and less and smaller FCs and FAs (Fig. 5a ,b,f,g,l,m) than control cells with WT talin1-mNG. Cells expressing the talin1 R8vvv-mNG also showed less traction compared to WT the talin1-mNG rescue condition ( Fig. 5c ,h,n). With less traction and more NAs, edge protrusion and retraction of cells with talin1 R8vvv-mNG were faster than cells with WT talin1-mNG ( Fig. 5d,i) . Moreover, a lower fraction of NAs and FCs in R8vvv mutant cells grew in size to FAs than NAs in cells with WT talin1 rescue ( Fig. 5e ,j,o,p). Together, these results demonstrate that talin R8vvv mutation restricts NAs from maturing into focal adhesions. 
R8vvv mutation does not affect talin recruitment but impedes traction growth rate
To investigate whether talin pre-complex formation with vinculin affects talin recruitment itself, we compared the time of talin recruitment in talin1 R8vvv mutant cells vs. WT talin1 rescue cells for non-maturing (G1) and maturing (G2) NAs. Consistent with the data in Fig. 3 , in both cell types G1 adhesions showed talin recruitment, on average, ~14 sec prior to the initial rise in traction (Fig.  6a,c,e,g,i) , while G2 adhesions showed a near coincidental talin recruitment (Fig. 6b,d,f,h,i) . This indicates that the ability of talin to bind vinculin does not affect talin recruitment. For both WT and R7R8vvv mutant talin, the assembly rates were statistically indistinguishable between non-maturing and maturing NAs (Fig. 6j ). The rate of traction development in NAs, however, was significantly affected in talin1 R8vvv-mNG mutant cells. Overall, the traction increase was reduced in mutant cells, both for G1 and G2 (Fig. 6k ). Moreover, while in WT talin1 rescue cells G2 NAs showed faster traction growth than G1 NAs, consistent with the data in Fig. 3c , in talin1 R8vvv-mNG mutant cells G2 adhesions exhibited an even slower force growth than G1 NAs. These results suggest that the talin-vinculin pre-complex is essential for the development of force across NAs, which is required for further adhesion maturation. Phases of the traces with significant fluorescence above background are indicated in blue and red, respectively. Blue and red arrows mark the time points of the first intensity increase and the first traction increase, respectively (i-k) Distributions of time lags of fluorescence intensity onset relative to traction onset (i), talin assembly rates (j), and traction growth rates (k) of non-maturing (G1) and maturing (G2) NAs in talin1 R8vvv-mNG mutant and WT talin1-mNG rescue cells. *: p<1x10 -2 , **: p<1x10 -3 , ***: p<1x10 -10 , ****: p<1x10 -30 by Mann-Whitney U test
Differential vinculin recruitment between non-maturing vs. maturing NAs vanishes with talin1 R8vvv mutation
Vinculin recruitment to the NA is critical for both force growth and adhesion maturation ( Fig. 3 ) (Thievessen et al., 2013) . To examine whether the assembly rate of vinculin is affected by talin's ability to form a pre-complex with vinculin, we performed two-channel imaging of vinculin-SnapTag-TMR-Star and WT talin1 or talin1 R8vvv mutated talin-mNeonGreen (see Methods). As for prior analyses, we captured and analyzed time-series of each pair of talin-vinculin signals in non-maturing vs. maturing NAs (Fig. 7a-h) and quantified the vinculin assembly rate within 30 seconds after first detection (Fig. 7i) . In talin1 R8vvv-mNG mutant cells, vinculin assembly rates were statistically indistinguishable between non-maturing (G1) and maturing (G2) NAs, whereas in WT talin1-rescue cells vinculin rates were significantly higher in G2, consistent with the data acquired in control cells (Fig. 3a) . This result suggests that early vinculin binding to talin R8 domain indeed contributes to faster recruitment of additional vinculins. The insignificant difference in vinculin recruitment in R7R8vvv mutant cells for G1 vs. G2 NAs might be related to the reverted traction growth rates between the two NA groups observed in these mutant cells (Fig. 6k ). It is also worth noting that the vinculin signal in G2 NAs of cells with WT talin-rescue tended to keep increasing while talin intensity was relatively flat (t=200~600 sec in Fig. 7h,d ), suggesting that the number of exposed talin VBSs is increasing over time under tension. The same trend was observed in talin1 R8vvv mutant cells (Fig. 7b,f) , but the vinculin recruitment rate was again much less than those found in WT talin1-rescue. Altogether, this data strongly suggest that vinculin recruitment is significantly reduced when no vinculin-talin pre-complex can form.
Simultaneous talin-vinculin imaging confirms vinculin's recruitment after talin for non-maturing NAs and concurrent recruitment for maturing NAs
To confirm the recruitment order of talin and vinculin with respect to traction force development (Fig. 2) , we quantified the time difference between the first significant increase in talin fluorescence intensity and the first significant increase in vinculin fluorescence intensity (blue and magenta arrows in Fig. 7a-h, j) . At non-maturing NAs, both in talin1 R8vvv mutant and WT talin1rescue cells, vinculin was delayed to talin on average by ~10 seconds (Fig. 7j) , consistent with the delay we inferred indirectly based on alignment of the fluorescent intensity increases with the first significant traction force increase ( Fig. 2n) . At maturing NAs, vinculin and talin recruitment coincided (Fig. 7j ), also consistent with the indirect inference presented in Fig. 2n . This shows directly that the formation of a talin-vinculin pre-complex indeed enhances the probability of NA maturation. In more detail, vinculin recruitment in maturing NAs of talin1 R8vvv mutant cells was ~4 seconds after talin recruitment, whereas vinculin recruitment in WT talin rescue condition preceded the talin recruitment by ~2 seconds (Fig. 7j) . We interpret this difference as the result of the mutation in talin's R8 domain, which reduces the ability of vinculin to bind talin prior to mechanical unfolding. Moreover, even though some maturing NAs eventually grow also in talin1 R8vvv mutant cells, the absence of efficient vinculin binding to the VBS in R8 propagates into an overall less efficient vinculin recruitment. In agreement with this interpretation, we found that the lifetimes of maturing G2 NAs in the mutant cells were much shorter than those in cells with WT-talin1 rescue (Fig. 7k ). Altogether, our data establishes that talin's pre-association with vinculin via the talin R8 domain is critical for accelerated vinculin binding, which in turn contributes to the development of the level of force transmission required for NA maturation. 
Figure 8
A suggested mechanism of differential recruitment of talin and vinculin determining maturation of nascent adhesions. (Top) For non-maturing NAs, talin binds to integrin before vinculin recruitment. Talin stretching is limited to a shorter level, which limits the exposure of vinculin-binding-sites. Inefficient vinculin binding, in turn, limits the number of F-actin that can connect to the adhesion complex, allowing for only a low amount of tension across the complex. Insufficient loading level reduces the lifetime of catch-bond like associations between molecules, resulting in turnover of the NA complex. (Bottom) For maturing NAs, talin and vinculin form a pre-complex before association with integrin. Upon pre-complex recruitment to the NA traction force builds immediately. Talin is stretched in a faster manner by preassociated vinculin and talin's own binding to F-actin accommodate faster, efficient recruitment of additional vinculin. High loading levels across the complex stabilizes molecular bonds, which facilitates the maturation of the NA.
Discussion
Our experiments show that the maturation of NAs depends on the formation and recruitment of a talin-vinculin pre-complex. Previous models have inferred that tension across talin, which can establish direct bridges between integrins and actin filaments, is sufficient to unfold the molecule and expose several vinculin binding sites. These binding sites were thought to promote the recruitment of vinculin to further strengthen the link between the integrin-talin complex and actin Sun et al., 2016) . However, these models were derived primarily from observations in focal adhesions, i.e. at a late stage of the maturation process (Atherton et al., 2015; Thievessen et al., 2013) . Here, we exploit our ability to concurrently measure traction and molecular associations at the scale of individual NAs using total internal reflection microscopy on high-refractive index soft substrates (Gutierrez et al., 2011; Han et al., 2015) . Our data suggests that the tension borne by an individual talin bridge between integrin and actin filaments is insufficient to fully unfold the talin rod domain and expose the number of VBSs necessary for talin to form a stable link to F-actin. This further lowers the lifetimes of catch-bond-like molecular associations (Hakonardottir et al., 2015; Huang et al., 2017; Sun et al., 2016) between talin and vinculin, vinculin and actin, and talin and actin, resulting in turnover of the NAs (Fig. 8, top) . In contrast, pre-assembled talin-vinculin complexes immediately establish a strong link between integrin and F-actin, as indicated by the concurrent recruitment of talin and vinculin and traction force onset. The fast loading rate promotes a fast and efficient unfolding of the talin rod domain, which exposes several additional VBSs for further recruitment of vinculin and strengthening of the talin/F-actin interaction. This results in robust increase of traction force transmission and stabilization of catch-bond-like molecular associations that contribute to the maturation of the NA (Fig. 8, bottom) .
Our data show that the formation of a talin-vinculin pre-complex is promoted by talin's R8 domain, which contains a VBS that is exposed for vinculin recruitment without tension-mediated unfolding of talin. We generated a talin mutant with a more stable R8 domain that prevents spontaneous association with vinculin. Cells expressing this mutant have a large fraction of NAs that cannot mature into FAs and transmit only low-level forces. This identification is different from previous findings, including ours, where talin's R3 domain has been described as the weakest domain that can unfold under tension (Atherton et al., 2015; Yao et al., 2016) . Thus, we speculate that in maturing NAs, vinculin's R8 binding leads to unfolding of R3, followed by exposure of additional VBSs in R1-R2. Our data suggest that the fraction of maturing NAs must be initiated with this R8-mediated talin-vinculin pre-complex. Intriguingly, pre-complex formation prior to incorporation into adhesion requires spontaneous encounters of mobile talin and vinculin at the plasma membrane or even in the cytosol. These are likely rare events, which may explain the surprising finding that the number of maturing (G2) NAs (3.5 ± 1.6 %, Mean ± Standard Error of the Mean, N=20 movies) is so low compared to G1 NAs (28.8 ± 3.5 %, Mean ± S.E.M., N=20 movies) among all NAs.
Our data also indicates that paxillin is recruited concurrently with the onset of traction force regardless of the fate of a NA (Fig. 2) . This means that, especially in non-maturing NAs, paxillin is recruited after vinculin. Tension dependency of paxillin recruitment is well-established (Schiller et al., 2011) . Our data suggests that tension-dependent recruitment of paxillin is through vinculin, which is consistent with a previous finding that paxillin recruitment can be induced by vinculin (Humphries et al., 2007) as it binds to the tail-domain of vinculin (Turner et al., 1990) . Alternatively, paxillin has been reported to be recruited after focal adhesion kinase (FAK) in endothelial cells (Hu et al., 2014) . Given evidence that talin can also be recruited by FAK (Lawson et al., 2012) , paxillin's recruitment after talin and vinculin might be coincident with vinculin-paxillin binding mediated by FAK. In line with our measurements, a FRET-based tension sensor study has shown that of the three molecules paxillin, talin and vinculin, paxillin levels correlate strongest with traction force levels (Morimatsu et al., 2015) . Altogether, our findings agree with previous evidence that paxillin levels are an accurate reporter of traction levels but is not an early protein to indicate the nucleation of NAs.
In the case of non-maturing NAs, talin and vinculin were recruited significantly before our measurements could detect a significant traction onset. This finding implies that there are subpopulations of talin and vinculin that carry only little force. Additionally, talin is present for a longer time than vinculin before traction onset in non-maturing adhesions. While this is conceptually consistent with a previous finding that vinculin binding to talin requires talin's actin binding for tension development (Austen et al., 2015) , the time lag between talin and vinculin recruitment suggests that talin's sole engagement with F-actin without vinculin potentially impedes talin's own role as an integrin activator (Shattil et al., 2010) and promoter of integrin clustering (Saltel et al., 2009) . Additionally, before vinculin binding, talin may be bound to the Rap1-interacting adaptor molecule (RIAM) (Lee et al., 2009) , which is replaced by vinculin once talin's R2R3 domain unfolds .
How the talin-vinculin pre-complex can promote faster tension development and talin unfolding in maturing adhesions remains to be determined. Potential mechanisms imply: 1) that the complex is also pre-bound to F-actin through the vinculin tail as vinculin bound to talin is almost certainly in an open conformation (Golji and Mofrad, 2013; Humphries et al., 2007) ; and 2) that the talin-vinculin interactions via talin's R8-domain do not interfere with talin's direct binding to F-actin, thus accelerating talin's actin-binding rate. Additionally, in maturing adhesions paxillin is recruited concurrently with the talin-vinculin pre-complexes. A paxillin-binding-site in vinculin's tail domain has not been co-localized with paxillin when studied with a vinculin-tail fragment (Humphries et al., 2007) . Our data suggests a possibility that a full-length vinculin in a living cell might be immediately associated with paxillin upon its pre-complex formation with talin (Carisey and Ballestrem, 2011) .
In summary, our work establishes an unexpected role for a talin-vinculin pre-complex as a mechanical prerequisite to the further recruitment of vinculin to talin, which is the foundation of adhesion maturation. While the possibility of talin-vinculin pre-complexes has been discussed in previous studies (Bachir et al., 2014; Pasapera et al., 2010) , their function has remained obscure. Here, we now show that this complex formation is an essential step in adhesion assembly. Where this complex forms and whether the formation is regulated by cellular signals are two of the critical questions to be addressed in future studies.
Materials and Methods Cell Culture
ChoK1 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L D-Glucose, L-Glutamine, and Sodium Pyruvate (Gibco, 11995-065) supplemented with 10% Fetal Bovine Serum (Equitech-Bio, Inc, SFBU30), 1% Anti-Anti (Gibco, 15240112), and 1% Non-Essential Amino Acids (Gibco, 11140076) . For transfection, cells were plated in a 6-well plate at ~30% confluency and transfected the next day with 350 ng of fluorescent protein-, or SNAPtagged adhesion marker, 1 μg of pBluescript (Stratagene) as non-specific DNA, 10 μL of Lipofectamine LTX (Gibco, 15338030), and 2 mL of reduced serum Opti-MEM (Gibco, 31985088) according to the manufacturer's directions. Four hours after adding the DNA-lipid mixture to the cells, the media was replaced with full DMEM media. 24 hours later, cells were trypsinized, and enriched with flow cytometry for low-level GFP-positive cells. Of this pool, 50,000 cells were seeded on fibronectin-coated (see below) traction-force microscopy substrates in pH 7.4 HyQ-CCM1 media (GE Lifesciences, SH30058.03), supplemented with 1.2 g/L of sodium bicarbonate and 25 mM HEPES. mGFP-talin1 (provided by N. Bate and D. Critchley), paxillin-eGFP (provided by I. Schneider), and mGFP-vinculin (provided by M. Humphries) were used for adhesion-TFM two-channel experiments.
For knock-down experiments, a previously validated shRNA hairpin against talin (GGAAAGCTTTGGACTACTA) was stably introduced into ChoK1 cells with a pLVX-shRNA1 lentiviral system and selected for with 5 μg/mL of puromycin. Western blot analysis indicated decreased levels of talin expression ( Figure S7 ). For rescue experiments, talin was subcloned into the pCDNA3.1(+) mammalian expression vector (ThermoFisher Scientific, V79020), and silent mutations were introduced into the corresponding shRNA target sequence for both the WT talin1-mNG and the talin1 R8vvv-mNG constructs. The R8 mutations (T1502V, T1542V, and T1562V, according to mouse numbering), alter the stability of the talin R8 domain. For vinculin imaging, mNeonGreen (Allele Biotechnology) was replaced with SNAP-Tag using seamless cloning, and labeled with SNAP-Cell TMR-Star (New England Biolabs, S9105S) or SNAP-Cell 647-SiR (New England Biolabs, S9102S) according to manufacturer's recommendations. All protein-coding regions of expression constructs were verified with traditional primer walking and Sanger sequencing.
Expression of recombinant polypeptides.
For in vitro analyses, murine vinculin Vd1 (residues 1-258), murine talin R7R8wt (residues 1357-1653) and R7R8vvv (residues 1357-1653; T1502V, T1542V and T1562V) were cloned into a pET151 vector (Invitrogen) and expressed in E.coli BL21(DE3) cells cultured in LB. Standard nickel-affinity chromatography was used to purify the His-tagged recombinant proteins as described previously (Whitewood et al., 2018) . The proteins were further purified using anion exchange chromatography following cleavage of the 6xHis-tag with TEV protease. Protein concentrations were determined using their respective extinction coefficients at 280 nm.
Circular Dichroism (CD)
Spectroscopy was performed using a JASCO J-715 spectropolarimeter equipped with a PTC-423S temperature control unit. Denaturation profiles were measured from 20-80°C at 0.2°C intervals by monitoring the unfolding of α-helices at 208 nm. 0.1 mg/mL of protein was dissolved in phosphate buffered saline (PBS). Measurements were made in a quartz cell of 0.1 cm path length.
Fluorescence polarization assays
To determine if other binding partners of talin R8 domain except for vinculin can still bind to R7R8vvv fragment, the relative binding affinities were measured using an in vitro fluorescence polarization assay. The R8 interacting, LD-motif containing peptides from DLC1 and RIAM, i.e., DLC1_465-489-C (IFPELDDILYHVKGMQRIVNQWSEK-C) and RIAM_6-30-C (DIDQMFSTL LGEMDLLTQSLGVDT-C), were coupled to a thiol-reactive fluorescein dye via the terminal cysteine. Peptides with a C-terminal cysteine were synthesized by GLBiochem (China). Stock solutions (i.e., peptide + fluorescein) were made in phosphate-buffered saline (PBS; 137 mM NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4, pH 7.4), 1 mM TCEP and 0.05% Triton X-100. Excess dye was removed using a PD-10 desalting column (GE Healthcare, Chicago, IL, USA). Titrations were performed in PBS using a constant 1 μM concentration of fluoresceincoupled peptide with increasing concentration of R7R8 fragment (either wild type or vvv mutant); final volume 100 μM in a black 96-well plate. Fluorescence polarization (FP) measurements, in which the binding between the two polypeptides results in an increase in the fluorescence polarization signal, were recorded on a BMGLabTech CLARIOstar plate reader at room temperature and analyzed using GraphPad Prism. Kd values were calculated with nonlinear curve fitting using a one-site total binding model.
Microscale Thermophoresis (MST) assay
Recombinantly expressed vinculin head domain (Vd1) was coupled to an equimolar amount of NT-647 dye (RED-tris-NTA NanoTemper) via its N-terminal 6xHis-Tag in a one-step coupling reaction (Tschammer et al., 2016) . Titrations were performed in phosphate buffered saline (PBS; 137 mM NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4) using a constant 50 nM concentration of RED-tris-NTA coupled Vd1, with increasing concentration of recombinantly expressed talin R7R8wt and R7R8vvv; final volume 20 μL. Prepared samples were filled into Monolith NT.115 Capillaries (NanoTemper). Measurements were recorded on a Monolith NT.115 at 25°C, excited under red light, medium MST power and 40% excitation power. The data was analyzed using MO. Affinity Analysis software (v2.3) and fitted using the Kd fit model.
Analytical gel filtration
Gel filtration was performed using a Superdex-75 size exclusion chromatography column (GE Healthcare) at a flow rate of 0.7 mL/min at room temperature in 50 mM Tris pH 7.5, 150 mM NaCl, 2 mM DTT. A sample of 100 μL consisting of 100 μM of each protein was incubated at a 1:1 ratio at 25°C for 10 minutes. The elution was monitored by a Malvern Viscotek SEC-MALS-9 (Malvern Panalytical, Malvern, UK).
Western blot
Cells were transfected under identical conditions as they were for imaging experiments but with a 10 cm dish and sorted with a flow cytometer (FACS Aria II SORP) for low expression. Cells were lysed by adding 2x laemmli + 10% b-ME, vortexing, and heating at 95°C for 10 minutes. Protein concentration was measured, and the same amount was loaded for each lane. The gel was semi-dry transferred with a turbo blot, and then incubated overnight in 5% milk in tris-buffered saline with 0.1% Tween 20 (TBST) at 4 degrees. Protein was visualized with an anti-talin antibody at 1:1000 and the loading control was visualized with anti-b-actin at 1:5000, each in 0.5% milk/TBST overnight at 4°C. Gels were then rinsed with TBST, and probed with IgG:horseradish peroxidase in 0.5% milk/TBST at 4°C for 1 hour and then at room temperature for another 30 minutes. Gels were rinsed three times for 20 minutes in TBST and then detected with enhanced chemiluminescence.
TFM Substrate Preparation
All silicone substrates had a diameter of 35 mm, a stiffness of 5 kPa, were embedded with 580/605 or 640/647 (λEX/λEM) 40 nm-diameter beads, and were compatible with total internal reflection fluorescence illumination. Substrates were coated with fibronectin (Sigma Aldridge, F1141) the same day as imaging experiments were conducted by mixing 20 μL of a 10 mg/mL 1ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) solution, 30 μL of a 5 mg/mL fibronectin solution, and 2 mL of Ca 2+ and Mg 2+ containing Dulbecco's Phosphate Buffered Saline (DPBS, Gibco, 14040117) for 30 minutes at room temperature. Thereafter, the substrate was rinsed 2 times with DPBS, and incubated with 2 mL of 0.1% (w/v) bovine serum albumin in DPBS for another 30 minutes at room temperature, and rinsed several times with PBS prior to seeding with 50,000 transiently transfected cells.
TIRF Imaging for TFM and adhesion proteins
Cells were imaged with a DeltaVision OMX SR (General Electric) equipped with ring-TIRF, which mitigates laser coherence effects and provides a more homogeneous illumination field. This microscope is equipped with a 60x, NA=1.49, objective, and 3 sCMOS cameras, configured at a 95 MHz readout speed to further decrease readout noise. The acquired images were in 1024x1024 pixel format with an effective pixel size of 80 nm. Imaging was performed at 37°C, 5% carbon dioxide, and 70% humidity. Laser-based identification of the bottom of the substrate was performed prior to image acquisition, with a maximum number of iterations set to 10. Laser powers were decreased as much as possible, and the integration time set at 200 milliseconds, to avoid phototoxicity. At the back pupil of the illumination objective, the laser power for both 488 and 568 nm lasers was ~22 mW. Imaging was performed at a frequency of 1 Hz for 5-10 minutes, and deviations between the alignment for each camera were corrected in a post-processing step that provides sub-pixel accuracy. After imaging, cells were removed from the substrate with a 30% bleach solution, and the beads on the relaxed gel substrate were imaged for each cell position. Rapid imaging was necessary to mitigate swelling effects in the silicone substrate and to resolve traction forces in nascent adhesions.
TFM Force Reconstruction
Bead images of the deformed gel -acquired when a cell was on the substrate -and a 'reference bead image' of the relaxed gel acquired after cell removal -were processed for traction reconstruction as described previously (Han et al., 2015) . Briefly, the bead images of the deformed gel were compared with the reference image using particle image velocimetry. A template size of 17 to 21 pixels, and a maximum displacement of 10 to 80 pixels, depending on the bead density and overall deformation, were used for cross-correlation-based tracking of the individual beads. The displacement field, after outlier removal, was used for traction field estimation over an area of interest. The area of interest on the reference bead image was meshed with square grids of the same width, which depends on the average area per bead. The forward map, which defines the expected deformation of the gel at all bead locations given a unit force at a particular mesh of the force grid, was created by solving Boussinesq Eq. under the assumption of infinite gel depth. This forward map was then used to solve the inverse problem, i.e. given the measured field of bead displacements, the underlying traction field is determined. The solution to this inverse problem is ill-conditioned in that small perturbations in the measured displacement field can yield strong variation in the reconstructed traction field. To circumvent this problem, the traction field was estimated subject to L1-norm regularization. As discussed in detail in (Han et al., 2015) , L1norm regularization preserved the sparsity and magnitude of the estimated traction field. Also as discussed and validated in (Han et al., 2015) , the application of L1-norm regularization over the L2-norm regularization most traction force microscopy studies employ is essential to resolve force variation at the length scale of the distances between individual nascent adhesions. The level of regularization is determined by a control parameter. We chose the parameter based on L-curve analysis, which guaranteed a fully automated and unbiased estimate of the traction field (Han et al., 2015) . Strain energy, which represents the mechanical work a cell has put into the gel, was quantified as 1/2 × displacement × traction, integrated over a segmented cell area. The unit of this integral is femto-Joule.
Adhesion segmentation, detection and tracking
Focal adhesions (FAs) and diffraction-limited nascent adhesions (NAs) were detected and segmented as previously described (Han et al., 2015) . Briefly, FAs from images of either labelled paxillin, talin, or vinculin were segmented with a threshold determined by a combination of Otsu's and Rosin's algorithms after image pre-processing with noise removal and background subtraction. Segmented areas larger than 0.2 μm 2 were considered for focal contacts (FCs) or FAs, based on the criteria described by Gardel et al.(Gardel et al., 2010) . Individual segmentations were assessed for the area and the length, which is estimated by the length of major axis in an ellipse that fit in each FA segmentation. FA density was calculated as the number of all segmentations divided by the cell area. Nascent adhesions were detected using the point source detection described in (Aguet et al., 2013) . Briefly, fluorescence images were filtered using the Laplacian of Gaussian filter and then local maxima were detected. Each local maximum was then fitted with an isotropic Gaussian function (standard deviation: 2.1 pixels, i.e. ~180 nm) and outliers were removed using a goodness of fit test (p = 0.05). NA density was defined as the number of NAs divided by the entire cell area.
Adhesion classification
From the adhesion tracks, features 1-9 in Table 1 were captured from the individual fluorescence intensity traces, and features 10-21 in Table 1 from the corresponding spatial properties, some in reference to the position and movement of the proximal cell edge and to the overlap with segmentations of focal adhesions and focal complexes. The classification was accomplished using a cubic support vector machine (SVM). The classifier was evolved in a human-in-the-loop fashion, i.e. the user iteratively adjusted machine-generated classifications. The initial training data was labeled with qualitative criteria described in Table 2 . To facilitate the labeling process, an automatic, filtering-based, labeling was also employed (see Table 3 ).
Both manual labeling and automatic labeling have advantages and drawbacks in terms of classification accuracy: while the manual labeling is less consistent due to subjectivity and human error, the automatic labeling has deficiencies in terms of incompleteness of the filtering criteria in capturing all essential properties of different adhesion classes. To overcome these drawbacks, both methods were employed in a way that the automatic labeling was performed first, and then manual labeling was added for insufficiently-labeled classes. During the manual labeling, adhesion classifications were immediately updated and presented to the user to allow class reassignments of selected adhesions. The labeling process was regarded to be completed once at least 10 adhesions were labeled for each class. To remove classification bias due to potential imbalance in the number of labels across the classes, the minority classes were oversampled, and the majority classes were undersampled, based on the mean number of labels (Krawczyk, 2016) . After training a classifier on one movie, for a new movie, another iteration of automaticand-manual labeling was executed to update the classifier, which was applied to predict the classes of adhesions in the movie. Separate classifiers were built for talin-, vinculin-, and paxillintagged adhesions.
